Introduction
Japanese encephalitis (JE) virus is a mosquito-borne flavivirus which causes severe encephalitis and neurological impairment (Burke & Leake, 1986 ). The JE virus genome consists of a positive-sense, single-stranded RNA molecule of approximately 1I kb and encodes a single polycistronic message which is translated into a polyprotein precursor. Processing by cellular and virus proteases (Bazan & Fletterick, 1989; Ruiz-Linares et aI., 1989; Chambers et al., 1990; Preugschat et al., 1991; Wengler et al., 1991) produces three structural proteins-the capsid (C), the precursor to the membrane (prM) and the envelope (E) proteins-and seven nonstructural proteins-NS1 through NS5 (Sumiyoshi eta] ., 1987; Nitayaphan et al., 1990; Hashimoto eta] ., 1990).
To date, no biochemical functions have been identified for any flavivirus NS proteins, except NS3. Subcellular fractions rich in flavivirus RNA polymerase activity are rich in NS3 proteins, and antibodies against the NS3 protein of Dengue virus type 2 can inhibit the RNA-dependent RNA polymerase activity (Chu & Westaway, i987; Takegami & Hotta, 1989; Bartholomeusz & Wright, 1993) . These findings suggest that NS3 is involved in flavivirus RNA replication. Computer analyses of the sequences of flavivirus NS3 proteins have shown that the N-terminal domain of the NS3 protein (about 20 kDa) is probably a serine protease (Bazan & Fletterick, 1989; Gorbalenya et aI., 1989a) and that the ensuing segment of about 40 kDa represents a putative NTPase--helicase which contains binding sites for purine triphosphates (Gorbalenya et a]., 1989b; Lain el al., I989) . The potential function of the remaining C-terminal 10 kDa segment has not been identified.
Regarding the putative NTPase activity of flaviviruses, the N-terminal-deleted fragments of the West Nile (WN) virus and recombinant yellow fever (YF) virus NS3 proteins possess NTPase activity which is stimulated by single-stranded RNA Wengler & Wengler, 1991) . However, due to the low solubility of the full length YF virus NS3 protein, only the N-terminally truncated NS3 protein has been characterized so far. Recently, a partially purified JE virus NS3 protein fused with maltose-binding protein was demonstrated to exhibit ATPase activity (Takegami et al., 1994) ; however, the enzymatic and molecular properties of this activity have not been characterized. Here we report the biochemical and molecular characterization of the NTPase activity of JE virus NS3 protein. We have constructed recombinant proteins consisting of histidine-tagged NS3 and N-terminally deleted NS3. Upon expression in E. coli, recombinant proteins his-NS3 and his-NS3(a~_l~8), but not his-NS3(a~_a~a), were shown to contain NTPase activity which was stimulated by single-stranded RNA. The biochemical requirements of the JE virus NS3 NTPase were shown to be slightly different from those of the NTPases of other flaviviruses. Interestingly, we found that Ca 2+ inhibited the his-NS3 NTPase activity. Comparison of the full-length and N-terminally truncated NS3 proteins showed that the presence of amino acids 1-148 inhibited the NTPase activity, while amino acids 148-323 were critical for the activity.
Methods
• Construction of recombinant JE virus NS3 and JE virus NS3(Al_148) proteins, For engineering the full-length JE virus NS3 gene, the 28-mer 5' primer 5' CCCAGATcTGGGGGCGTGTTTTGGGACG 3' and the 27-mer 3' primer 5' CCCGTCGAcTCTCTTCCCTGCTGCAAA 3' were designed for amplification by RT-PCR. The nucleotides in large capitals denote the JE virus NS3 sequences. The underlined nucleotides in small capitals represent BglII and SalI sites, respectively. The Taiwanese strain JE virus NT113 (graciously given by the National Institute for Preventive Medicine, Department of Health) was used as template for RT-PCR; its nucleotide sequence has already been analysed (unpublished) . The resulting 1875 bp RT-PCR product encompasses the entire 619 amino acid residues of the JE virus NS3 protein. The RT-PCR product was ligated into vector pQE 30 (Qiagen) between the BamHI and SaII sites.
To engineer genes encoding N-terminally truncated (,~,1-i48 and M-323) JEV NS3 proteins, the 27-mer 5' primers 5' cCCGGATcCCTAT ACGGCAATGGAGTT 3' or 5' cccGGATCCTTTTCCTGACTTAAA TGC 3' and the 3' primer used above for the entire NS3 gene were used for his-NS3(al_l~s) and his-NS3(a 1 s~3), respectively. The RT-PCR product of the his-NS3(a1_14s) gene was a 1430 bp DNA fragment encoding amino acids 149--619 of the virus JE NS3 protein and containing BamHl and Sail (underlined) sites at the 5' and 3' ends, respectively, while the RT-PCR product of the his-NS3(al_~23) gene was a 900 bp DNA fragment covering amino acids 324--619 and also containing BamH[ and SalI sites at the 5' and 3' ends. The expression products of plasmids pQENS3 and pQENS3(al_14s) contained a fragment of nine amino acids at the C terminus and one of 12 amino acids, including a stretch of six histidines, at the N terminus, while pQENS3(al_m3 ) had a fragment of 10 amino acids at the N terminus. The six histidines (histidine tag) were used to facilitate purification. The recombinant proteins encoded by pQENS3, pQENS3(a 1 14s) and pQENS3(a 1 a23) were named his-NS3, his-NS3(~lq~8 ) and his-NS3(al_m3 ), respectively.
• Expression of recombinant proteins and purification of inclusion bodies. Plasmids pQENS3, pQENS3(a1_14s) and pQENS3(al_323) were separately transformed into K12-derived E. coli strain MIS(pREP) (Zamenhof & Villarejo, 1972) . Exponential phase transformed cells (50 ml) were diluted into 500 ml M9CAa (medium Mg, consisting of 0"5 % Casamino acids, 2 mM-MgSO 4, 0'2 % glucose, 0"1 mMCaC12, 100 I~g/ml ampicillin and 25 ,g/ml kanamycin) (Linet al,, 1990) .
After incubation at 37 °C for I h, the cells were induced with 1"5 mM-IPTG at 37 °C for 4 h. Harvested cells were resuspended in 2 ml TEN buffer (10 mM-Tris-HCl, pH 8"0, 50 mM-NaC1, 1 mM-EDTA) containing 2 mg lysozyme and incubated at 4 °C for 30 rain. The mixtures were sonicated extensively on ice and treated with 40 ~1 10% NP40, 3 mI NaCI-Mg soIution (I"5 M-NaCI and 12 mM-MgCl~) and 50,1 DNase I (1 mg/ml) at 4 °C for b0 min. The insoluble fractions were pelleted at I2 000 ~" for I0 rain and washed once with 20 ml TEN buffer containing 0"1% NP40. The pellets were resuspended in 4ml I00mM-glycine--NaOH (pH 10'5), 1% Triton X-IO0 and 2 mM-EDTA and incubated for 60 rain at 4 °C. The pelleted aggregates, called inclusion bodies, were precipitated at 12000 g for I0 min and washed twice with 20 ml TNN (10 mM-Tris-HC1, pH 8"0, 50 mM-NaC1 and 0"1% NP40).
• Purification and renaturation of recombinant JE virus NS3 proteins. The inclusion bodies were dissolved in 2 ml of solubilization buffer (5 M-guanidine. HC1, 50 mM-Tris-HC1, pH 8"0, and 10 % glycerol). fl-Mercaptoethanol (4 ~1) was added and the reaction mixture was incubated at 65 °C for 40 min. After a brief centrifugation, the supernatants were diluted eightfold with solubilization buffer and mixed with 4 ml Ni-NTA resin pre-equilibrated with solubilization buffer in slurry (Qiagen) (1 : 1) for I h at 4 °C. The Ni-NTA gels were packed and washed with solubilization buffer until the A2s 0 of the wash was lower than 0"01. The recombinant NS3 proteins were then eluted with solubilization buffer containing 0"25 M-imidazole. The imidazole fractions of JE virus his-NS3 and his-NS3(al_14s) proteins were collected and diluted to A2s 00" 1 and 0'2, respectively. The recombinant proteins were renatured by dialysis against dialysis buffer (0"5 M-guanidine. HCl, 50 mM-Tris-HCl, pH 8"0, I mM-EDTA, 0-02% fl-mercaptoethanol and 20 % glycerol) overnight at 4 °C. The dialysates were further dialysed against buffer A (25 mM-HEPES, pH 7-4, 50 mM-NaCI, I mM-EDTA, 0"02 % fl-mercaptoethanol, 0'01% Triton X-100, and 20 % glycerol).
The final dialysates were concentrated by hydroxyapatite (0-5 g; BioRad) column chromatography and eluted in buffer A containing 0"I Msodium phosphate (pH 7"4). The fractions containing peaks of recombinant protein were pooled and dialysed against buffer A without NaC1 overnight. Finally, the dialysates were loaded onto a 2 ml bed volume poly(U)-Sepharose 4B column (Sigma) pre-equilibrated with buffer A without NaCl. After washing with 8 ml buffer A, the recombinant proteins were eluted in the same buffer containing 0'2 M NaC1. The first four fractions were 2 ml each and the remaining fractions were 1"2 ml each. The peak fractions were pooled and dialysed against buffer A overnight at 4 °C.
• NTPase assays. The assay procedure was modified from that described by Warrener e~ aL (1993) . Briefly, the final volume of the standard assay was 10 IA, containing 25 mM-MES, pH 6"0, 2"5 mMMgCI 2, 100 I~g/m[ BSA, 200 ~M-[~-a2p]ATP (2"5 Ci/mmol; Amersham) and 0'5--0" 1 pmol of recombinant NS3 proteins with or without 0'25 mMpolynucleotides (Pharmacia; concentrations were determined in mM of nucleotide base or bp). The mixtures were incubated at room temperature for 20 rain and the reaction was terminated by the addition of EDTA to a final concentration of 20 raM. Reaction products were applied onto plastic-backed polyethyleneimine cellulose sheets (Merck) and separated by ascending chromatography in 0"375 M-potassium phosphate buffer (pH 3"5). The sheets were then dried and exposed to X-ray film.
For quantitative evaluation, the hot spots identified in the X-ray film were cut out and radioactivity was measured by Cerenkov counting. Alternatively, a Fuji Bas-1500 Bio-imaging Analyzer (Fuji Photo Film) was employed to measure the intensity of the hot spots.
Results

Expression and purification of recombinant JE virus NS3 proteins
The recombinant JE virus NS3 genes were engineered and amplified by RT-PCR using the JE virus NT113 RNA as template. This strain has one mutation at amino acid 407 (Thr for NTlI3 and Ile for JaOArs982) within the NS3 protein, as compared with the prototype JE virus strain JaOArS982 (unpublished).
Recombinant proteins his-NS3 and his-NS3(al_l~s) contained an extra 12 amino acids at the N terminus, including a stretch of six histidines, and an extra nine (al_148 ) his-NS3(al_323) Fig. 1 . SDS-PAGE analyses of the expression and purification of his-NS3 and his-NS3(al_148) proteins. SDS lysates of E. coil transfected with pQENS3, either uninduced (lane 1 ) or induced with 1.5 mM-IPTG (lane 2), were subjected to 7-5% SDS-PAGE and Coomassie blue staining. After expression of his-NS3 from pQENS3-containing cells, the inclusion body was precipitated (lane 3). This inclusion body was solubilized and purified through Ni-NTA resin. The eluent from the Ni-NTA gel is shown in lane 4.
The eluent was renatured and passed through a hydroxyapatite column. his-NS3 was eluted with sodium phosphate buffer (lane 5) and purified with poly(U)-Sepharose (lane 6). The his-NS3(al 323) and his-NS3(al<48 ) proteins were expressed from E. coil containing pQENS3(al_323) and pQENS3(a>~4s), respectively, and then purified using the same procedures as described for his-NS3. The final products are shown in lanes 8 and 9, respectively. amino acids at the C terminus, while his-NS3(al_a2a) had an extra 10 amino acids at the N terminus. The transcription of the plasmids e n c o d i n g these proteins was directed by the Iac promoter, p Q E N S 3 -t r a n s f o r m e d E. coli expressed an additional 72 k D a protein upon addition of IPTG to the culture (Fig. 1,   lanes 1 and 2) , while E. coli transformed with pQENS3(A 1 148) and pQENS3(A 1 a2a) expressed 56 and 43 kDa proteins, respectively (Fig. i, lanes 9 and 8) . These three new proteins could be r e c o g n i z e d by anti-JE virus NS3 a n t i b o d y (data n o t shown).
T a b l e 1. S u m m a r y of the purification of h i s -N S 3 a n d his-NS3(A~_~4a) proteins After the cells were broken and the DNA was digested, his-NS3 (Fig. 1, lane 3) was detected as an inclusion body in the precipitate. This fraction contained a major protein of 72 kDa, which is the predicted size of his-NS3. An additional protein of 51 kDa was found, the nature of which is not clear. The inclusion bodies were solubilized and further purified with Ni-NTA resin (Fig. 1, lane 4) . Finally, the proteins were purified by hydroxyapatite column (Fig. 1, lane 5) and poly(U)-Sepharose chromatography (Fig. 1, lane 6) . A single protein species of 72 kDa was seen (Fig. 1, lane 7) . Similarly, his-NS3<al_las) and his-NS3(al_s2s) yielded proteins of 56 kDa and 43 kDa, respectively, after these purification steps (lanes 9 and 8).
Each fraction from the hydroxyapatite column was assayed for ATPase activity. The fractions having ATPase activity were pooled, dialysed and subjected to chromatography on poly(U)-Sepharose and again assayed for ATPase activity. Fig.  2 shows that the fractions of peak ATPase activity (Fig. 2 b) coeluted with the Coomassie blue-stained his-NS3 protein.
The correlation between the ATPase activities and his-NS3 proteins inboth hydroxyapatite andpoly(U)-Sepharose chromatography strongly supported the notion that ATPase activity was an intrinsic property of his-NS3. Based on silver staining of the PAGE gel, the purity of his-NS3 was estimated to be greater than 95 %. The fractions containing peaks of ATPase activity/his-NS3 protein were pooled and used for the following studies.
To assess the effect of the N-terminal sequence on the ATPase activity of NS3, the purified his-NS3(Al_148) protein was compared. Table 1 shows that the truncated protein has approximately threefold higher activity than the full-length NS3 protein. This result suggests that the N terminal sequence of NS3 is not necessary for ATPase activity; on the contrary, it may inhibit the activity. 
Characterization of the enzymatic properties of the recombinant JE virus NS3 NTPase activities
The above results indicated that the ATPase activity was associated with his-NS3 and his-NS3(A 1 148) proteins. To characterize the NTPase activity of his-NS3 further, the preference of the enzyme for different NTPs was determined. We first performed competition experiments between [:¢-32P]ATP and cold NTPs. Fig. 3(a, b) shows that purine triphosphates were better competitors than pyrimidine triphosphates. The order of competitive preference was GTP > ATP >) UTP > CTP. The half-inhibition doses were 0"31 and 0'58 mM for GTP and ATP, respectively. From LineweaverBurk plots of NTP hydrolysis activity, the K m, /(ca t and KeadK m values were 0'18 mM, 487 rain 1 and 2683 for ATP and 0"15 mM, 454 min -1 and 3043 for GTP, respectively, in the presence of poly(U). The substrate preference for NTPs was the same as the order of competition for NTPs.
Next, the effects of divalent and monovalent cations on his-NS3 ATPase activity were determined. It is well established that MgC12 is required for ATPase activity (Warrener et aL, 1993). In the absence of polynucleotides, the his-NS3
ATPase activity was largely unaffected by changing the MgC12 concentration as long as it was higher than 0"5 mM (Fig.  4a) . In the presence of poly(U) or poly(C), the ATPase activity increased sharply when the concentration of MgCI~ increased, until it reached a plateau at 2"5 mM-MgC12. Both poly(U) and poly(C) gave the same level of enhancement. MnCI 2 could substitute for MgCI 2 (Fig. 4 b) . Both MgC12 and MnC12 had almost no effect on ATPase activity in the absence of polynucleotides. However, in the presence of poly(U) or poly(C), the ATPase activity increased with increasing MnC12 concentration until it reached a plateau at about 1 mM-MnCl 2. The maximal ATPase activities in the presence of MnC12 or MgC12 were similar. However, ATPase activity gradually decreased when the concentration of MnCI 2 was higher than 2"5 mM in the presence of poly(U) or poly(C). It is possible that some polynucleotides were precipitated at a high MnCI 2 concentration. KCI inhibited ATPase activity either in the presence or in the absence of polynucleotides (Fig. 4 c) .
The optimal pH for the ATPase activity was 6"0 for the assay system at 2'5 mM-MgC12 with or without poly(U) or poly(C), pH changes showed no effect on the ratio of ATPase activities in the presence or absence of polynucleotides, which was approximately 3"5 (Fig. 4d) .
The ATPase activity of his-NS3 was absolutely dependent on the divalent cations Mg 2+ or Mn 2+, However, CaCI~ could
his-NS3 his-NS3 his-NS3 (A1-148) (51-323) Fi 9. 6. ATPase activity of his-NS3, his-NS3 a1-148 and his-NS3 (al_323) proteins in the absence and presence of 1 mM-pO y(U). Reaction mixtures contained 0.1 pmol of purified recombinant proteins. After 1 5 min reaction, the samples were assayed by TLC and autoradiography. not substitute for MgCI~ or MnCI 2 (data not shown). Furthermore in the presence of MgC12, CaC12 inhibited the ATPase activity (Fig. 5 a) . The relationship between ATPase activity and CaC12 concentration with or without poly(U) is shown in Fig. 5 (b) . The half-inhibition dose of CaC12 in the presence of poly(U) was 7"I mM. The inhibition was also observed in the absence of poly(U) and there was no precipitation of poly(U), even when the concentration of CaC12 was higher than 20 mM. Therefore, the inhibition by CaC12 could not be interpreted as a result of precipitate formation between CaCI 2 and poly(U) as in the case of MnC12.
Effects of N-terminal truncation on the NTPase activity of JE virus NS3 protein
To determine the critical domain of the NS3 protein required for NTPase activity, the NTPase activities of his-NS3, his-NS3(Al_148) and his-NS3(a1_323) were compared (Fig. 6) . his-NS3(al 148) showed a higher NTPase activity than his-NS3; the activity of his-NS3(a.as) was also enhanced by poly(U). Contrary to this, his-NS3(al_~23) was completely devoid of NTPase activity either in the presence or in the absence of poly(U).
The effects of poty(U), poly(C) and other single-and double-stranded ribo-and deoxyribopolynucleotides on his-NS3 and his-NS3(al_14s) ATPase activities were analysed (Table 2 ). Both ATPase activities were stimulated to the greatest degree by the homopolymers poly(U) or poly(C). Poly(A) was a moderate stimulator, whereas poly(G) inhibited NTPase by approximately 80%. When both poly(U) and poly(A) were added to the assay system, no enhancement of ATPase activity was noted, probably because they annealed and became a double-stranded polynucleotide. The deoxyribopolynucleotides poly(T) and poly(dA) were moderate stimulators but all the other polynucleotides gave a weak inhibition. Heat-treated yeast tRNA enhanced activity about twofold, whereas single-stranded DNA from calf thymus had no effect on the ATPase activity. Poly(U), poly(C) and poly(T) stimu- 1"07 ssDNA * The ATPase assays were performed in 25 mM-MES (pH 6'0), 2"5 mM-MgCI 2, 100 ,g/ml BSA, 200 ,M-[:c-~2P]ATP and 0"2 pmol his-NS3 or O-1 pmol his-NS3(al_z,s), either in the absence or in the presence of 0"25 mM-polynucleotides. After incubation at room temperature for 20 or 10 min, the reactions were terminated by the addition of EDTA to a final concentration of 20 raM. ATPase activity is expressed as pmol ATP hydrolysed per min per pmol protein. "t The ATPase activity where no polynucteotide was added was taken to be 1.00, and all other activity values were shown the fold of ATPase activity relative to this. fated his-NS3(al_14s) ATPase activity even more strongly than the full-length his-NS3.
Discussion
Among the flaviviruses, the NTPase activities of WN virus NS3 (Wengler & Wengler, 1991) and YF virus NS3 proteins are well characterized, but both studies used mainly the truncated forms of NS3. The reported WN virus NS3 protein was released from the membrane fraction of WN virus-infected BHK cells by subtilisin digestion, which removed the N terminus (Wengler & Wengler, 1991) . In the case of YF virus, full-length NS3 and N-terminally truncated NS3 proteins were engineered and expressed , but only the N-terminally truncated YF virus NS3 protein was well characterized. In our study, both full-length and N-terminal-truncated JE virus NS3 proteins were studied and compared. The yield of full-length JE virus NS3 protein was much lower than that of the C-terminal JE virus NS3 protein because of low solubility during renaturation, as in the case of YF virus NS3 protein. In JE virus-infected and JE virus NS3-transfected cells, NS3 protein was also found to be associated with the cellular membrane fraction (Takegami & Hotta, 1989; Zulkarnain & Takegami, 1993; Takegami et aI., 1994) . Both phenomena may be explained by the hydrophobic '_08; nature of the N terminus between amino acids 25-45 (Kyte & Doolittle, 1982) .
These results clearly indicate that JE virus NS3 protein is a single-stranded RNA-dependent NTPase. The NS3 amino acid sequence similarity is about 80"2 % for JE virus and WN virus, 49"8% for JE virus and YF virus and 51"8% for WN virus and YF virus (Wengler et a[., 1985 ; Rice et al., 1985) . As expected, the characteristics of the three flavivirus NS3 proteins also appeared to be quite similar. All three NS3 proteins require Mg 2+ and were inhibited by K +. The preferred substrates of JE virus and YF virus NTPases were purine triphosphates. In the absence of polynucleotides, these enzymatic activities were either unaffected or affected insignificantly. However, in the presence of polynucleotides, JE virus and YF virus NTPases showed significant differences. The strongest stimulators for the JE virus NS3 protein were poly(U) and poly(C), whereas it was poly(A) for WN virus and YF virus NS3 proteins. The optimal pH for the YF virus NS3 protein was 6"5, but for JE virus NS3 protein it was 6"0. It has been reported that in the other two genera of the family Flaviviridae, hepatitis C virus (HCV) NS3 protein and bovine viral diarrhoea pestivirus (BVDV) p80 protein also possess RNA-stimulated NTPase activities (Suzich et al., 1993; Tamura et al., 1993) . They exhibited similar characteristics to those of other flavivirus NS3 proteins. The best stimulator for the HCV NS3 and BVDV p80 proteins was poly(U), as for the JE virus NS3 protein reported here.
Numerous signal-transduction pathways utilize Ca 2+ as a second messenger. Signal transduction through tyrosine kinase and G protein-linked receptors converges on the inositol triphosphate pathway. Binding of inositol triphosphate to its receptor in the endoplasmic reticulum and other intracellular Ca 2+ storage compartments causes the release of Ca 2+ to the cytoplasm and a transient increase in the intracellular calcium level. Changes in intracellular calcium concentration control numerous cellular processes, including cell growth, differentiation and transformation (Berridge, 1993; Clapham, 1995; Pozzan et aI., 1994) . In this study, Ca ~+ inhibited the JE virus NS3 ATPase activity. In order to understand how Ca 2+ inhibited the NTPase activity, the amino acid sequence of the JE virus NS3 protein was analysed. The results indicated that the protein did not contain the EF hand of the helix-loop-helix motif, the calcium-binding domain (Tufty & Kretsinger, 1975) . The half-inhibition dose of Ca 2+ was 7"1 mM, which was higher than the physiological concentration of the ion. Thus, it is not clear whether signal transduction is involved in the regulation of the NTPase of the JE virus NS3 protein or the replication of JE virus.
When [y-32P]ATP was substituted for [a-3~P]ATP in the NTPase assay, free isotope-labelled phosphate (Pi) was released instead of [~-3~P]ADP (data not shown), suggesting that his-NS3 could cut at the y-site. When [a-32P]ATP was completely digested to [a-32P]ADP and the reaction was allowed to run longer, an increase in the amount of isotopelabelled AMP could be observed (Fig. 2, lanes 7' +' and 8' + ') . These results suggest that his-NS3 also cuts at the//-site of ADP. The possibility of contamination should be very low, because several chromatographies, including Ni-NTA resin, hydroxyapatite, MonoQ and Superdex 75, were used in the purification process. The elution profile for the fractions with both enzymatic activities not only correlated well with the NS3 proteins but was also proportional to the protein concentrations (data not shown). It can be inferred that ADP is also a substrate for NS3 NTPase, but it is a poor substrate in comparison with ATP.
The influence of the N-terminus of JE virus NS3 protein on the NTPase activity could be inferred from the comparison of JE virus his-NSd, his-NSd<al_l,s~ and his-NSd{Al_a2a> proteins. The N-terminal 148 amino acid residues did not change the substrate preference, the requirement for Mg 2+ or Mn 2+, the optimal pH or the preference of polynucleotides (data not shown). Therefore, the NTP-binding site, polynucleotidemodulator site and active site which could be affected by protonization are not at the N terminus of the JE virus NS3 protein. However, the N terminus could change the basal level of NTPase activity. Without the N-terminal 148 amino acids, his-NS3~al_148) showed about threefold higher NTPase activity than his-NSd. In the presence of poly(U) or poly(C), the NTPase activity of his-NSd~a1_14s) increased to approximately fourfold that of his-NSd. We do not know how the N-terminus of JE virus NS3 protein inhibits the NTPase activity. Deletion of amino acids 149-323, which contain the GxGKT and DEAH domains, completely abolished the NTPase activity. Therefore, this amino acid region was required for the JE virus NS3 NTPase activity.
Although helicase activity of flavivirus NS3 proteins has not yet been demonstrated, the properties of the JE virus NS3 NTPase activity described in this study strongly suggests that such an activity exists. Most of the known DNA and RNA helicases are NTPases that are strongly induced by singlestranded nucleic acids and modified by monovalent ions. It was suggested that binding of a polynucleotide strand and monovalent ions could alter the conformation of the enzyme (Pugh & Cox, 1988) . In the case of JE virus NS3 protein, the effects of polynucleotides and cations also support the theory that it has helicase activity and may be mediated by the same mechanism. In DNA helicase Rep, it has been estimated that two molecules of ATP are hydrolysed per bp unwound during the Rep-catalysed unwinding of duplex DNA. It has been proposed that one ATP may be required to unwind a single bp, whereas the second ATP hydrolysed may be coupled to translocation (Arai & Kornberg, 1981; Yarranton & Gefter, 1979) . It is also interesting to know that JE virus NS3 protein hydrolyses purine triphosphate.
We thank Chei S. Wang and Michael M. C. Lai for comments on the manuscript and helpful discussions.
This work was supported by the Department of Health (grant no.
